Abstract: Supercontinuum (SC) generation directly from an Ytterbium-doped fiber amplifier (YDFA) has many advantages such as high output power, low splicing loss, and high optical to optical conversion efficiency. However, the output spectrum can only extend to longer wavelength. We report a method to further extend the spectral range of SC generated in an YDFA at short wavelength direction by using cascaded double-clad passive fiber tapers. A 750 ps seed pulse at 1060 nm is amplified to 15.9 W and spectrally broadened from 1000 to 1600 nm in an YDFA system. Using this broadband source to pump cascaded double-clad passive fiber tapers, a 14.1 W SC source is obtained, covering 630 to 2000 nm, which is in an all-fiber and low-cost structure. It is found that, in fiber tapers, especially at the taper waist, the frequency shift rate of solitons increases significantly, and those red-shifted solitons are group-velocity matched to dispersive waves even in the red wavelength region. To our best knowledge, this is the first time there has been generation in tapered double-clad passive fiber.
Introduction
The supercontinuum (SC) generation is of great interest in recent years due to its potential application in optical coherence tomography, telecommunication technology, spectroscopy, and so on [1] - [5] . Generally, SC sources are generated in conventional nonlinear fibers, photonic crystal fibers (PCF) or fiber tapers. Most of traditional SC generation systems not only require free-space alignment and high-energy laser pulse but also suffer from the difficulty in splicing and coupling. Recently, near-infrared (NIR) SC generation directly in an Ytterbium-doped fiber amplifier (YDFA), which combines the gain amplification and nonlinear spectral broadening in the gain fiber, has attracted more and more attention owing to its all-fiber structure, high average output power, and low splicing loss [6] - [11] . However, the disadvantages are also evident. On the one hand, most of SC generated in an YDFA can only extend to longer wavelength rather than shorter wavelength because the wavelength of signal pulse is in the normal dispersion region and far away from the zero dispersion wavelength (ZDW) of the nonlinear gain fiber, leading to the difficulty of group index matching. On the other hand, for the purpose of generating SC source with high average output power in an YDFA, the threshold pump power is also very high reaching hundreds of Watts [6] , [7] . Therefore, reducing the pump threshold, while further extending the spectral range of SC source at short wavelength direction in an YDFA, could be meaningful in various applications. Very few research groups have reported the short-wavelength-extended SC source based on YDFA. In [12] , a NIR SC source with several emission bands at visible and ultraviolet was generated in a fiber amplifier with 20-m single-mode germano-zirconia-silica ytterbium-doped (GZY) fiber. The special dispersion characteristic of this doped fiber caused a phase matched four-wave mixing (FWM). In [13] , yellow and NIR laser emission by FWM in a nonlinear multimode YDFA was demonstrated. An accurate management of the bandwidth of the seed pulse and the multimode characteristic were the key to obtain yellow emission through cascaded FWM. In these two experiments, FWM was the dominant mechanism to generate visible emission, while only distinct peaks in visible and ultraviolet region were achieved and special gain fiber fabrication or further effort in bandwidth management of the laser seed was required. To our knowledge, there has been no other SC generation mechanism to obtain bi-extended spectral broadening based on YDFA. Therefore, new mechanisms should be investigated.
Tapering is a simple yet effective technique to enhance the nonlinearity (or nonlinear parameter) and dispersion characteristics of a fiber. It has proved particularly useful in SC generation systems whereby enhanced blue-shifted components are required [14] , [15] . In recent years, tapered fibers, especially tapered PCF [16] - [19] and tapered single mode fiber [20] - [22] , have been used successfully as nonlinear media for ultraviolet to NIR SC generation. However, SC generation in passive double-clad fiber has never been investigated before. If passive double-clad fiber tapers is well-designed and directly spliced to the output of a double-clad YDFA, it is possible to obtain an all-fiber short-wavelength-extended SC source based on the long wavelength spectrum broadening in a YDFA.
In this paper, we report a novel method of obtaining an all-fiber SC source ranging from red to NIR spectral band based on a YDFA system combined with double-clad passive fiber tapers. A 15.8 W broadband source from 1000 nm-1600 nm is achieved based on a three-stage YDFA system seeded by a picosecond pulsed laser at 1060 nm. This source is coupled into one or three cascaded double-clad passive fiber tapers with a taper waist around 8 μm, which generates a SC covering from 630 nm to 2000 nm. To our best knowledge, this is the first time that the tapered double-clad passive fiber has been used in SC generation.
Experimental Setup
The scheme of the experiment setup is shown in Fig. 1 . This all-fiber laser system employs a pulsed fiber laser seed, a three-stage fiber amplifier and double-clad passive fiber tapers. The temporal and spectral properties of the seed pulses are shown in Fig. 2(a) and (b) , respectively. The central wavelength, pulse width, average output power and repetition rate of the fiber laser seed are 1060 nm,750 ps, 40 mW and 1 MHz, respectively. The first two fiber preamplifiers, which consist of a single-mode and a double-clad fiber amplifier, are used to boost the average output power of the 1060 nm pulse to Watt-level. YDFA1 is pumped by a 480 mW fiber pigtailed 976 nm laser diode (LD), whose 0.4 m-long single-mode gain fiber has a 4.4 μm mode field diameter at 1060 nm and a 1200 dB/m absorption coefficient at 976 nm. The gain fiber (15/128 μm core/cladding diameter with 0.13/0.46 NA and 22 dB/m absorption at 976 nm) in YDFA2 is 0.8 m, which is pumped by an 8 W LD. The gain of the main amplifier -YDFA3 is provided by the same fiber with YDFA2 but the length is set to be 2 m and it is pumped by a 25 W LD. In order to reduce back reflection and prevent end facet damage, we cleave the end of the output fiber at an angle of 8°. After measuring the spectrum directly from YDFA3 (Output 1 in Fig. 1 ), the fiber tapers are spliced to the output of YDFA3 to measure Output 2 and Output 3 respectively, which means the signal pulse at Output 1 generally with a broadband spectrum is served as a pump pulse for SC generation in the fiber tapers.
We fabricate three tapers whose structures are identical. A fire provides a highly controllable plasma field that completely surrounds the fibers for uniform heat distribution. The sweep speed of the flame is 2 mm/s and the maximum pulling speed of the left and right stage is 0.04 mm/s. The speed of the flame and the motor stages should be carefully set to ensure the tapering stability. The double-clad passive fiber used for tapering has a core/clad diameters of 15/130 μm with 0.08/0.46 NA. The structure of the taper, including the inner cladding diameter (CD) of the taper waist, the length of transition region and the length of the taper waist, can be set in advance in the operation software of the tapering platform. All fiber tapers have 20 cm-long un-tapered sections at both ends, which provides the convenience for splicing. After the tapering, the tapers were fixed in dust-proof box with ultraviolet low refractive index glue at the un-tapered terminal ends and not recoated. The structure design of the fiber taper in the software of the tapering platform and the shapes of the three in-house fabricated tapers scanned by a CCD camera are shown in Fig. 3(a) and (b) . The length of the transition region and the taper waist is 2 cm and 3 cm, respectively. Slight fluctuations of CD at taper waist, as shown in Fig. 3(b) , may due to the vibration of tapering platform when it is moving during the tapering and scanning test. Due to the limited moving distance of the two motor stages in our fabrication platform, the length of taper waist cannot be longer than 5 cm otherwise there will be a fluctuation of CD, thus leading to a larger insertion loss and possibility of damage at high power level. CDs of three fiber tapers at the taper waist are in a range of 5-8 μm. This taper angle satisfies the adiabaticity criterion [23] , which guarantees low-loss tapering.
The dispersion characteristics of this sort of passive fiber is modeled using a finite element method (COMSOL software). The calculated dispersion of the fiber with different tapered CDs are shown in Fig. 3(c) . ZDW of the un-tapered fiber is located at 1278 nm, while that of the fiber taper with CD of 8 μm and 5 μm is located at 1150 nm and 1082 nm, respectively. Taper 1 in Fig. 3(b) and a cascaded taper structure with 3 tapers (Taper 1+Taper 2 +Taper 3) are spliced to the output of YDFA3, respectively. The final output is coupled into a fiber which is linked to three different optical spectrum analyzers respectively to analyze three spectral bands: 600 nm-900 nm, 900 nm-1700 nm, and 1700 nm -2000 nm.
Results and Discussion

Broadband Source From the YDFA
At first, in order to investigate the spectral evolution in passive fiber tapers, we measure the output from each amplifier. The average power is increased to 215 mW in YDFA1 with maximum pump power and 810 mW in YDFA2 with a pump power of 3.7 W. As shown in Fig. 4(a) , the output average power of the signal is scaled with a slope efficiency of 63% and the maximum output power of 15.9 W is obtained in YDFA3. Fig. 4(b) shows the spectral evolution with the increase of the pump power in YDFA3, whose legends stand for average output powers from YDFA3 under pump powers of 3.86 W, 8.91 W, 13.8 W, 18.4 W, and 25.4 W, respectively. The generated spectrum spans from 1000 nm to 1600 nm when the pump power reaches the maximum at 25.4 W. Fig. 4(c) illustrates the simulated spectral evolution of a signal pulse in YDFA3 by using a numerical method combining the laser rate equations and the generalized nonlinear Schrödinger equation (GNLSE) [11] . In the simulation, all parameters of the seed pulse are set according to the experiment except the pulse width. Since the pulse width in the experimental is 750 ps, which will put the pressure on the calculation speed, the pulse width is set at 100 ps in the simulation. The 976 nm pump power in the simulation is 25 W. Similar to the previous experiments and simulations of SC generation in YDFA [6] , [7] , [10] , [11] and SC generation under pumping in the normal dispersion region with long pulse [24] , Stimulated Raman Scattering (SRS) initially dominates the spectral broadening at normal dispersion region. Note that the symmetric generation of anti-Stokes peaks around the 1060 nm pump is due to FWM. With the increase of 976 nm pump power, the width of the spectrum keeps increasing. Instead of SRS, modulation instability (MI) and soliton self-frequency shift (SSFS) results in the further spectral broadening to longer wavelength in anomalous dispersion region. The pulse split up to a train of femtosecond ultra-short pulses with high peak power due to MI and these ultra-short pulses give birth to higher-order solitons [25] . These higher-order solitons which is perturbed break up into lowest-order solitons under higher-order dispersion. These fundamental solitons experience SSFS and result in the spectral broadening at the long wavelength direction. At the end of the fiber length, the spectrum reaches 1600 nm at long wavelength edge. At the short wavelength edge, no evident blue-shifted dispersive wave is observed. According to soliton pulse trapping theory [26] - [28] , the wavelength of trapped soliton is shifted to the wavelength whose group velocity is the same as the trapping soliton pulse. This pulse is trapped and co-propagates with the soliton pulse along the fiber through cross-phase modulation (XPM) and cascaded FWM process, which results in continuous blue-shift. However, as shown in Fig. 4(d) , a soliton at 1600 nm is group-velocity matched to a dispersive wave only at 930 nm in the YDF, thus leading to ineffective blue-shift below 900 nm.
SC Generation in Double-Clad Fiber Tapers
Next, we splice fiber tapers with the output of the YDFA system and measure the average output power and the spectrum. Fig. 5(a)-(c) show the spectral evolution with different pump powers from the main amplifier without tapers (the blue line), with Taper 1 (the red line) and three tapers (Taper 1+Taper 2 +Taper 3, the black line), respectively. Each of 3 outputs are tested separately. The legends in every figure refer to the average output powers of the corresponding spectra. More exactly, in terms of a traditional SC generation method, the signal pulses from Output1 (in Fig. 1 ) with a broadband spectrum can be regarded as the pump pulse and the fiber tapers as the nonlinear fiber. Signal insertion loss exists in fiber tapers because of the non-uniformity of the taper waist diameter, as shown in Fig. 3(a) . The insertion loss of three tapers together is estimated to be less than 0.6 dB. As shown in Fig. 5(a) when the LD pump power of YDFA3 is 3.86 W, the spectrum does not extend too much along the fiber tapers. SRS is the main nonlinear effects in the normal dispersion region of the YDF. Meanwhile, self-phase modulation (SPM) is the main nonlinear effects within the fiber tapers in this situation. In Fig. 5(a) , the spectrum from output 1 only extend to 1130 nm due to SRS in YDFA 3. Afterwards, when propagating to fiber taper whose ZDW experiences a decrease from 1278 nm (un-tapered) to 1082 nm (at the taper waist) and then an increase to 1278 nm again (as shown in Fig. 3(c) ), the spectrum from Output1 which extends to 1130 nm reaches the anomalous dispersion region when propagation to the taper waist. Similarly, the pulse split up to several ultra-short pulses due to MI. Then, when propagating to ZDW-increasing-region of the taper, it is very likely that SPM dominates the spectral broadening of these ultra-short pulses because their wavelengths locate at the normal dispersion region of the fiber again. When the LD pump power increases to 13.8 W as shown in Fig. 5(b) , the difference between three Outputs becomes evident. The spectrum of Output 2 (with one taper) covers 940-1550 nm and that of Output 3 (with three tapers) achieves a spectral coverage spanning from 800-1800 nm. Compared with the case of the un-tapered passive fiber, ZDW decreases with the dicrease of CD along the taper transition, which results in the earlier happening of nonlinear effects at anomalous dispersion region such as MI, a soliton fission process and Raman-induced spectral shifts of fundamental solitons produced by soliton fission.
Meanwhile, since the Raman-induced frequency shift (RIFS) [29] of the fundamental solitons grows linearly along the fiber at a rate
where ν R = P /2π = ω s − ω s , T R = 3fs, T 0 is the width of short soliton pulse, and the RIFS of fiber taper at different CDs can be estimated. The dispersion parameter β 2 is at the soliton central frequency ω s . Fig. 6(a) illustrates the estimated RIFS rate of a fundamental soliton in the passive fiber with different CDs (we assume that ω s = 1.2566 × 10 15 Hz, T 0 = 10 fs). RIFS versus CD of the passive fiber shows a slight drop until CD decrease to 60 μm, which experiences a surge below 60 μm. Since the taper waist is around 8 μm with a length of 3 cm, soliton frequency shift at taper waist grows significantly. The increase in taper numbers corresponds to longer propagation distance at a diameter below 60 μm, which leads to a faster RIFS and longer wavelength components as shown in Fig. 5(b) . As we can see from Fig. 5(c) , when the LD pump power reach the maximum at 25.4 W, the spectrum ranging from 630-2000 nm is achieved at Output 3, which is two times the result of Output 1. Fig. 6(b) indicates the group velocity of the passive fiber taper when the CD is 8 μm and 5 μm. A soliton red-shifted to 2100 nm is group-velocity matched to a dispersive wave at 642 nm, as shown in the blue line of Fig. 6(b) (CD = 8 μm) . That is why the evident blue-shift of dispersive wave is observed in Output 2 and Output 3. In the situation where CD = 5 μm, a soliton at 2100 nm is group-velocity matched to a dispersive wave at 590 nm, which means a greater fraction of the power in the visible region can be achieved by fabricating fiber tapers with smaller CD at taper waist to increase the fiber length with enhanced blue-shifting.
The output power of this SC source is stable as long as the fiber tapers have smooth transition section and the taper waist is free form evident diameter fluctuation. Besides, a moderate LD pump power (for example, lower than 30 W) of the main YDFA is required because CD at the taper waist is only smaller than 10 μm, which means it cannot support the propagation of the pulses with extremely high power.
Discussion and Comparison
The mechanism of SC generation directly in short fiber tapers was earlier discovered, requiring complex 3-D alignment [16] , [20] , [21] and high peak power or ultrashort pulse width of the pump pulse [18] , [20] , [28] , which was expensive and complex. However in this work, the whole structure is all-fiber with no difficulty of splicing and only a commercial 1060 nm picosecond laser and standard passive fiber is used as the seed laser and the tapering material respectively. Compared with the reported SC source with similar output power and spectral range such as the results in [30] , though the SC source in [30] appears to be a better spectral flatness, the system in our work is low-cost and has a simpler structure. Compared with the reported extremely broadband SC source in other types of silica fibers, such as double cladding seven-core PCF [31] with a larger effective mode area but similar dispersion feature as the single-core PCF, which had great potential in enhancing the SC power, the advantage of our work is more convenient fiber splicing and less cost and effort on the special PCF design and fabrication.
This work builds on the previous works done by us about NIR SC generation directly from an YDFA [6] , [7] , [11] . In contrast with the SC generation directly from the YDFA which requires high power of the pump diodes and whose spectrum can only extend at long wavelength direction, the SC source in this work has a bidirectional-extended spectrum, which successfully reduces the pump threshold and improve the spectral flatness. Moreover, compared with SC generation in the YDFA based on the FWM mechanism in [12] and [13] , the obtained spectrum in this work is smooth and continuous rather than distinct peaks, especially at short wavelength direction.
Conclusion
In conclusion, we have experimentally demonstrated a visible to NIR SC generation system incorporating a YDFA system (used as a broadband pump source) and cascaded passive fiber tapers. The broadband source from the YDFA ranges from 1000 nm to 1600 nm with an average output power of 15.9 W, which is used to pump the cascaded passive fiber taper. A 14.1 W red to NIR SC is generated, covering from 630 nm to 2000 nm. The use of fiber tapers leads to shorter ZDW, enhanced nonlinearity, rise of RIFS rate and a proper group velocity matching between the red-shift solitons and blue-shift dispersive wave. This SC source can not only be constructed in an all-fiber structure with no necessity of complex free-space alignment or difficulty in splicing between conventional fibers and PCFs but also make up for the shortcoming of SC generation directly in YDFA that the blue-shifted component of the spectrum is limited by the dispersion characteristics of the YDFA itself.
